Introduction
Although many different processes can be used to manufacture linear integrated circuits, the process that is This paper discusses displacement damage in linear integrated circuits with more complex failure modes than those exhibited by simpler devices, such as the LM 111 comparator, where the dominant response mode is gain degradation of the input transistor [6] . Some circuits fail catastrophically at much lower equivalent total dose levels compared to tests with gamma rays.
For example, Figure 1 shows test results for a radiationhardened op-amp with a JFET input stage. The device works satisfactorily up to nearly 1 Mrad(Si) when it is irradiated with gamma rays, but fails catastrophically between 50 and 70 krad(Si) when it is irradiated with protons.
Experimental Approach and Circuit Technologies
The devices in this study were irradiated at the Both circuits use far more complex internal designs than the basic comparators and op-amps that are usually used to study degradation in linear devices. The OI>27 has a compensated input stage, which uses a lateral pnp current source to provide a compensated (negative) input bias current that nearly cancels the positive input bias current required by the npn input transistor.
Although this reduces the input bias current, it causes circuit operation to depend on the balance of this compensation scheme, which involves several different types of transistors. 
Even though the hardened process from Linear
Technology is designed to withstand ionization damage, the process uses lateral and subs*rate pnp transistors which are inherently sensitive to displacement damage because of the relatively wide base regions [2] .
Experimental

Results
Output voltage is one of the key parameters for voltage regulators, and most voltage regulators rely on bandgap reference circuits with npn transistors [7] . Special input/output measurements'were made to characterize this mechanism. Figure 4 shows how the transfer characteristics are affected by proton irradiation.
The curve labeled "0" shows the preirradiation behavior. Proton tests were also done for the OP27 and RH27 op-amps. All of these devices continued to operate at high levels, even above 100 krad(Si) [equivalent dose] when they were irradiated with protons. This is an interesting contrast with the RH ! 056 result, where a hardened device failed catastrophically at levels well below the design specification value.
2.5
I.
tO
9
O >o0.5
tBeaucour, et al. did not identify the specific manufacturers of the LM 137 devices that they tested in their study, and it is possible that the devices for which the startup conditions changed were from a different manufacturer.
Note however that there are very I_ge increases in input bias current for the commercial OP27 devices. 
Discussion
Displacement damage will always cause more damage to occur from protons in wide-base pnp transistors compared to equivalent total dose levels from gamma rays. However, the net effect at the circuit level depends on the details of the circuit design. Many linear integrated circuits are designed to tolerate wide variations in the gain of internal pnp transistors, and for such circuits the increase in damage from displacement effects may be unimportant.
In cases where substantial degradation occurs from ionization damage (note the LMI ! 1 results from reference 6), the net impact of the increased displacement damage may be slight. However, for circuits like the RHI056 and LMI37, displacement damage causes catastrophic failure to occur, and the failure appears to be the result of failure mechanisms that are not present during tests in ionization environments, even when the tests are carried out at very high levels. This type of catastrophic failure is of extreme concern for space applications, and illustrates the need to test linear integrated circuits in proton environments. 
